We demonstrated the dehydrogenation behaviour of nanoconfined ammonia borane (AB) in Fe-MIL-53, a flexible metal-organic framework (MOF) by solid state thermolysis. We observed clean hydrogen release with fast kinetics at reduced temperatures.
Introduction:
The search for efficient hydrogen storage materials that can enable a hydrogen powered society is one of the most intriguing subjects in recent years. 1-9 Among many known hydrogen storage material families, ammonia borane (NH 3 BH 3 ; AB) has been 15 considered one of the most promising candidates for chemical hydrogen storage applications because of its high gravimetric hydrogen content of 19.6 wt%. [4] [5] [6] However, due to very slow dehydrogenation kinetics below 100 °C and the release of detrimental by-products such as ammonia, borazine and diborane 20 during dehydrogenation, AB is not a practical hydrogen store. Therefore, many efforts have been made to obtain faster hydrogen release and prevent unwanted by-product generation. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] Generally, reducing the metal hydride particle size to the nanoscale is an effective and interesting strategy for enhancing 25 both the kinetics and the thermodynamic properties. However, hydrogen storage nanoparticles have poor cycling stability due to particle agglomeration and coarsening. These problems can be averted if the nanoparticles are confined within highly porous scaffold materials. Indeed, recent studies indicated that 30 nanoconfinement of hydrogen storage materials in porous scaffolds not only improves the dehydrogenation kinetics but also prevents unwanted by-product generation. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] To date, a number of porous support materials have been investigated to obtain metal-hydrides at the nanoscale. These include silica, 15 carbon 35 allotropes 16, 17 and metal-organic frameworks [8] [9] [10] [11] [12] [13] [19] [20] [21] [22] [23] (MOFs) . In particular, MOFs are the most promising scaffold materials because of their unique interior active metal-centres for AB binding and well defined and ordered pores. 24 The flexibility in tuning pore shape and size coupled with the choice of metal 40 centre are the key parameters to explore for nanoconfinement of AB in MOFs. Li et at. were first to show successful AB nanoconfinement in Y-based MOF with fast hydrogen release kinetics at reduced temperatures and highly suppressed byproduct release. 8 Later, our group reported a considerably 45 increased AB loading (about 3 times more than AB loading in Y-MOF 8 ) in a Mg-MOF-74 for a given 1:1 mol AB:metal ratio. 9 Recently, various types of MOFs have been successfully explored to confine various hydrogen storage materials, including AB, [8] [9] [10] [11] [12] [13] dimethylamine borane, 18 magnesium, 19 magnesium 50 borohydride, 20 lithium borohydride, 21 and, sodium aluminium hydride. 22, 23 In particular, so far only rigid framework MOFs have been used to nanoconfine hydride particles. To the best of our knowledge, there has been no study on the usage of flexible framework MOFs 25 for the nanoconfinement of AB. The most 55 interesting property of flexible MOFs is that the structure has the ability to adapt the pore openings to accommodate guest species. 25 In other words, the pores of the flexible MOFs can expand and contract upon guest molecule absorption and desorption, respectively. This effect, also called "breathing", can 60 produce a dramatic increase or decrease in cell volume without a loss of crystallinity or bond breaking. Apart from flexible framework, Fe-MIL-53 has also coordinatively saturated Fe-sites compared to unsaturated metal (Mg +2 or Zn +2 ) sites in MOF-74 in our earlier reports. 9,10 Thus, infiltrated AB molecules within the 65 flexible MOF pores with saturated Fe +3 sites could be interesting because the flexible pore size controls the strength of the hostguest interactions.
In this study, we demonstrate the nanoconfinement of AB in flexible pores of Fe-MIL-53 (AB-Fe-MIL). We present a detailed 70 study of the dehydrogenation properties of the nanoconfined phase of AB. AB-Fe-MIL shows advantageous dehydrogenation properties with faster kinetics at reduced temperatures than pristine AB. Most importantly, the system release clean hydrogen upon heating; the residual B and N complexes are trapped within 75 the pores. We also discuss the possible reasons for the improved dehydrogenation properties of nanoconfined AB within the MOF pores.
Experimental details:
80 Fe-MIL-53 was solvothermally synthesized and activated according to the reported procedure. 25, 26 AB was confined within the anhydrous MIL pores by solution blending in an inert atmosphere. For a given AB:Fe ratio, the required amount of AB and activated MIL sample were mixed through anhydrous 85 methanol and stirred for 6 hours at room temperature. The methanol was then dried under vacuum at room temperature for 24 hours to remove the excess methanol. The targeted AB:M ratio was reconfirmed by weighing the initial MIL and AB-MIL after complete vacuum drying process. Samples with 0.5:1, 1:1, 90 and 1.5:1 molar ratios of AB:Fe were prepared. Samples without AB were also prepared in the same way and labelled as 'control' sample. The samples were stored and handled in a helium filled glove box before further characterization. Powder X-ray diffraction (XRD) was carried out on samples sealed in 1.0 mm glass capillaries with Cu Kα radiation. Fourier-Transform Infrared (FTIR) spectra were collected at room temperature from 5 sample/KBr pellets. X-ray photoelectron spectroscopy (XPS) measurements were performed using Al Kα radiation on Thermo Scientific K-Alpha system. 27 The mass spectrometry (MS) measurements were obtained with a ThermoStar gas analysis system (Pfeiffer Vacuum) coupled to a SDT Q600 10 thermogravimetric analyzer (TA Instruments) between 25 °C and 200 °C at a heating rate of 2 °C per minute under N 2 atmosphere. The isothermal dehydrogenation kinetics at various constant temperatures were measured by volumetric and temperature programmed desorption (TPD) methods using a carefully 15 calibrated Sievert apparatus. 28 The volumetric thermal desorption was done by maintaining the base pressure at 10 mbar and heating at a rate of 2 °C/min.
Results and discussion:

20
As shown in Figures 1 and S1 (in the supporting information (SI)), the Fe-MIL-53 framework is composed of infinite inorganic chains of trans-corner-shared [MO 4 (OH) 2 ] octahedra cross-linked by 1,4-benzenedicarboxylate linkers. 23 This gives an open-framework structure with one-dimensional diamond-shaped 25 pore channels running parallel to the inorganic chains. However, after synthesis, the pores are filled with residual solvent molecules. Therefore, the MOF samples are activated by heating to 200 °C under vacuum to obtain anhydrous pores. Once active, these MOFs are suitable for further guest molecule absorption 30 and catalytic applications. As shown in Figure 1 , the anhydrous form of Fe-MIL-53 exhibits a narrow pore structure. The powder XRD patterns of the samples before and after encapsulation of AB within flexible pores are shown in Figure 1 and Figure S1 . The unit cell parameters of Fe-MIL-53 did not change much after 35 AB loading except a little increase in b-axis, resulting in a unit cell volume increase from ~900 Å 3 for initial Fe-MIL-53 to ~925 Å 3 for AB-Fe-MIL-53. The simulated XRD pattern of 0.5:1 AB-MIL-53 is based on atomic positions obtained from firstprinciples calculations (see SI). The AB loadings within the MOF 40 pores are 6.5 wt%, 13 wt%, and ~20 wt% for the given 0.5:1, 1:1 and 1.5:1 molar ratio of AB:Fe loading, respectively. The 1:1 AB:Fe loading corresponds to 4 AB molecules per unit cell. The disappearance of the crystalline AB peaks in the XRD patterns up to 1:1 AB per metal loading suggests that the AB molecules are 45 successfully intercalated in the nanopores of MOF. However, we observed a trace of crystalline AB in the 1.5:1 AB:Fe sample (represented by vertical dotted lines in Figure 1) , indicating that the pores are completely filled and excess AB is crystallized outside the pores. Nanoconfinement of AB within the flexible 50 MOF pores is further confirmed by FTIR spectroscopy ( Figure  S2) . The FTIR spectra of AB-Fe-MILs show combined IR modes related to the MOF and AB. However, we only observe very narrow H−N and H−B antisymmetric stretching IR modes. This suggests that AB−AB intermolecular interactions are significantly 55 reduced in AB-MILs, giving rise to sharp dispersionless phonons from confined AB molecular vibrations. kinetics plots of AB-Fe-MIL-53 with 1:1 mol AB:Fe and 0.5:1 70 mol AB:Fe along with pristine AB. The amount of desorbed hydrogen is shown based on the AB within the MOF pores. Clearly, we obtain marked increase in dehydrogenation kinetics when compared to the pristine AB. AB-Fe-MIL exhibits faster hydrogen release of 1.38 equiv. of H 2 around 100 °C within 30 minutes compared to an ultimate release of 0.84 equiv. of H 2 from pristine AB after a prolonged time (See Figure S3 ). More importantly, AB-Fe-MIL can release 1.22 equiv. of H 2 at 80 °C even before pristine AB starts to decompose. In addition, AB-Fe-5 MIL shows instant H 2 release in contrast to the long incubation period in pristine AB.
To gain insight into the improved kinetics, we further determined the activation energy (E a ), from the temperature dependence of dehydrogenation kinetics. The rate constant (k T ) of 10 the dehydrogenation kinetics follows the inverse temperature dependence, which obeys the Arrhenius law, Figure S4 represents the Arrhenius plots (ln(k T ) versus 1/T) for AB-Fe-MIL samples with 0.5:1 AB:Fe and 1:1 AB:Fe loadings. The apparent activation energies for H 2 15 release are 130±7 kJ/mol and 135±3 kJ/mol for 0.5:1 AB:Fe and 1:1 AB:Fe loaded samples, respectively. This suggests that the energy barrier increases with increasing AB loading. The values are lower compared to the ~183 kJ/mol for the neat AB, thus samples exhibit enhanced kinetics. 13,15 20 The temperature programmed volumetric method is applied to see the dehydrogenation temperature and capacity of nanoconfined AB. Figures 3 show the effect of AB loading on dehydrogenation temperature and kinetics. The thermal desorption results indicate that increased AB loading increases 25 the overall dehydrogenation temperature. Here it is worth noting that the AB-Fe-MIL systems exhibit reduced dehydrogenation temperature compared to the pristine AB. The TPD plot of the control sample indicates no residual methanol solvent left in the MOF pores that can affect the dehydrogenated values of AB- 30 loaded MOFs. The isothermal kinetics also becomes slow with higher AB loadings. We attribute this behaviour to increased AB−AB intermolecular interactions among the confined AB. When the pores have been overfilled, the formation of bulk AB outside the pores further slows kinetics and increases the 35 dehydrogenation temperature. The reduced AB particle size (defined by the pore size of support material) in very narrow pores have favourable desorption temperatures with rapid kinetics due to the increased surface area and decreased diffusion path lengths. More importantly, the thermal desorption mass 40 spectroscopy measurements on AB-Fe-MIL ( Figure S5 ) reveals the clean hydrogen release by suppressing the generation of unwanted gases, such as ammonia, borazine and diborane. It is also worth to note that in contrast to neat AB, no foaming was observed upon heating the AB-loaded MOF samples at 45 temperatures up to 200 °C (Figure S6) .
In order to understand the dehydrogenation behaviour of nanoconfined AB within the MOF pores, we further investigated the samples with XRD, FTIR and XPS tests before and after thermal dehydrogenation at 200 °C. It is important to point out 50 that XRD and FTIR data show the host MOF structure does not change after AB loading and thermal dehydrogenation (Figures 1  and S2 ). Fig. 4 B 1s, N 1s, O 1s Figure S7 ). In the AB-Fe-MIL and AB-Fe-MIL-TPD, the Fe 2p spectra resembles the Fe(II,III). 32, 33 This is attributed to the 20 interaction of −NH 2 groups with open Fe(III) centres. The −NH 2 interaction with O and Fe(III) is also evidenced from the relatively broad peak in N 1s spectra after thermal desorption. 31 It is important to note that no evidence is found for complete reduction of Fe(III) to metallic Fe (0) 
Conclusion:
In summary, we demonstrated the successful nanoconfinement of AB molecules within the flexible MOF pores and studied the 40 thermal dehydrogenation behaviour. We found that the encapsulation of AB in very narrow pores of Fe-MIL-53 has a large impact on the dehydrogenation temperature and kinetics. The results suggested that largely destabilized intermolecular bonds upon infiltration into the MOF pores, thus led to decreased 45 dehydrogenation temperature and fast hydrogen release kinetics. Most importantly, the flexible pores also trapped the B-and Ncontaining residues to stop the release of by-products; ammonia, borazine, and diborane, thus yielding only clean hydrogen generation. When compared to the unsaturated metalMOFs, 8-10 50 the flexible pores in MIL-53 did not exhibit much improvements in hydrogen release kinetics and temperature, suggesting that the dehydrogenation property of confined AB is largely governed by coordinatively unsaturated metal sites in MOF pores. The findings reported here will help us in considering other support 55 materials to tune the dehydrogenation properties of AB-MOF or other porous supports with desired hydrogen release kinetics and reversibility. Angew. Chem., 2008, 120, 5861-5863. 45 27 Certain trade names and company products are mentioned in this paper to adequately specify the experimental procedure and equipment used. In no case does this imply recommendation or endorsement by NIST, nor does it imply that the products are necessarily the best available for this purpose. Inorganica Chimica Acta, 1985, 97, 59-64] . The broad N 1s peak between 403 eV and 398 eV (centered between 401 eV and 402 eV) in AB-Fe-MIL-TPD sample is assigned to -NH 2 −Fe and -NH 2 −O bonds [Y. Wang, B. Li, Y. Zhou, D.  Jia and Y. Song, CS-Fe(II,III) complex as precursor for magnetite nanocrystal, Polym. Adv.  Technol., 2011, 22, 1681-1684] . Fe 2p peaks of Fe-MIL-53 at BE ~711 eV and ~725 eV are assigned to Fe 2p 3/2 and Fe 2p 1/2 for iron(III) oxide, the additional satellite peaks at ~718 eV and ~730 eV are associated with Fe 2p 3/2 and Fe 2p 1/2 , the spectra clearly resembles the Fe 2 O 3 standard sample. The AB-Fe-MIL before and after thermal desorption exhibits similar spectra but with a shifted Fe 2p 3/2 satellite peak to lower BE (~716 eV in AB-Fe-MIL) or no satellite peaks (in AB-Fe-MIL-TPD), respectively. It has been previously reported that Fe 2p 3/2 for Fe 3 O 4 (FeO.Fe 2 O 3 with Fe(II).Fe(III)) does not have a satellite peak. In case of Fe 1-y O, the satellite peak for Fe 2p 3/2 was observed at 715.5 eV [T. Yamashita, P. Hayes, Analysis of XPS spectra of Fe 2+ and Fe 3+ ions in oxide materials, Appl. Surf. Sci., 2008, 254, 2441-2449. ].
First-Principles Calculations
In order to determine the hydrogen positions as well as the AB-molecule orientation and its location in MIL, we have performed first-principles structural optimization using Quantum Espresso Code PWSCF [P. Giannozzi et. al, J. Phys. Condens. Matter, 21, 395502 (2009) ]. We used Vanderbilt-type ultrasoft pseudopotentials and the generalized gradient approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE) exchange correlation. A kinetic energy cutoff of 544 eV and a k-point sampling with dk=0.03 Å -1 grid spacing were found to be enough for the total energy to converge within 0.5 meV/atom. AB molecules were introduced to the center of MIL structure assuming various initial orientations, followed by full atomic structural relaxation. The lattice parameters are kept constant at the experimental values but all the atomic positions are optimized until the maximum force is 0.005 eV/Ang. Below we list the optimized atomic positions for 0.5:1 loaded Fe-MIL. The simulated x-ray patterns shown in the text were obtained from these optimized atomic positions. 
0.5:1 AB-Fe-MIL-53 Lattice Parameters and Optimized Atomic Positions
